Osmosensory transduction is a bidirectional process displayed by neurons involved in the control of thirst and antidiuretic hormone release, and is therefore crucial for body fluid homeostasis. Although this mechanism is known to involve the activation of nonselective cation channels during hypertonicity-evoked shrinking, and the inhibition of these channels during hypotonicity-evoked swelling, the basis for this regulation is unknown. Here, we investigated this process using whole-cell patch-clamp recordings from neurons acutely isolated from the supraoptic nucleus of adult rats. The mechanosensitivity index, defined as the ratio of conductance change to normalized volume change, was quantitatively equivalent whether cell volume was increased or decreased by changes in extracellular fluid osmolality, or by changes in pipette pressure. Moreover, responses induced by hyperosmotic or hypo-osmotic media could be reversed by increasing or decreasing pipette pressure, respectively. The mechanosensitivity index was significantly reduced in neurons treated with cytochalasin-D, a compound that promotes the depolymerization of actin filaments. Conversely, cells treated with jasplakinolide, a compound that promotes actin polymerization, showed a significant increase in mechanosensitivity index. Finally, the depolarizing and excitatory effects of hypertonic stimuli were significantly enhanced by jasplakinolide and reduced by cytochalasin-D. We conclude that osmosensory transduction in these neurons is a reversible mechanical process that depends on an intact actin cytoskeleton, and the sensitivity of the transducer appears to vary in proportion with the density of actin filaments.
Introduction
Osmosensory neurons in the CNS of mammals detect changes in plasma osmolality caused by temporal differences in the intake or loss of salt and water. In vivo, the electrical activity of these neurons is generally increased by hyperosmolality and inhibited by hypo-osmolality (Bourque et al., 1994) , and information encoded by these responses modulates thirst and antidiuretic hormone release to promote hydromineral balance (Denton et al., 1996) . Previous studies have shown that osmosensory transduction in magnocellular neurosecretory cells (MNCs) of the rat supraoptic nucleus is mediated by the modulation of Gd 3ϩ -sensitive, stretch-inhibited cation (SIC) channels during osmotically evoked changes in cell volume Bourque, 1993a,b, 1996) . Specifically, hypertonic stimuli depolarize and excite MNCs as a result of increased SIC channel activity during cell shrinking, whereas the cells are hyperpolarized and inhibited because of reduced SIC channel activity in response to hypotonicity-evoked cell swelling (Voisin and Bourque, 2002) . Although single SIC channels recorded in cell-attached membrane patches display an intrinsic mechanosensitivity that is consistent with the macroscopic responses observed during osmosensory transduction (i.e., stretch-inhibition) Bourque, 1993a, 1996) , it is not known whether the modulation of these channels during whole-cell recordings from osmotically stimulated MNCs is caused by the mechanosensitive properties of the channels, or to other forms of regulation. Indeed, the apparent mechanosensitivity of ion channels can be exaggerated by the patch-clamp recording technique (Morris and Horn, 1991; Hamill and McBride, 1997) and osmotic modulation of ion channels can be mediated by other forms of regulation (Strange et al., 1996; Nilius et al., 1997; Wehner et al., 2003; Shukla et al., 2004) . Notably, previous studies have shown that changes in ionic strength, rather than cell volume, mediate the osmotic modulation of volumeregulated (Nilius et al., 1998; Voets et al., 1999) and swellingactivated anion channels (Cannon et al., 1998) in various cells. It is therefore of fundamental importance to establish whether the osmotic modulation of native osmosensory neurons depends on changes in ionic strength, or on a mechanical stimulus associated with osmotically evoked changes in cell volume.
Materials and Methods
Preparation and perfusion of isolated cells. MNCs were acutely isolated from adult (100 -200 g) male Long-Evans rats as reported previously (Zhang and Bourque, 2003) . Briefly, brain slices containing the supraoptic nucleus (SON) were cut and placed in oxygenated (100% O 2 ) piperazine-N,NЈ-bis[2-ethanesulfonic acid] (PIPES)-buffered saline, pH 7.4 (22°C), containing (in mM) 120 NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , 25 dextrose, and 10 PIPES. Blocks (ϳ1 mm 3 ) containing the SON were then cut and incubated for 90 min in oxygenated PIPES solution (33.5 C), pH 7.0, containing 0.7 mg/ml trypsin (type XI; Sigma, St. Louis, MO). Blocks were transferred to a trypsin-free PIPES solution, pH 7.4 (22°C), and dispersed as required. Cell suspensions were plated onto plastic Petri dishes and used within 30 -120 min. Dishes were mounted on an inverted phase contrast microscope (Diaphot; Nikon, Tokyo, Japan) and perfused with a HEPES-buffered saline containing (in mM) 75 Na 2 SO 4 , 3 KCl, 1 MgCl 2 , 10 HEPES, 1 CaCl 2 , and 10 glucose. Different amounts of mannitol were added to adjust osmolality. Osmotic steps were applied using a gravity system delivering solutions at a rate of 1.0 -1.2 ml/min Ϫ1 . A fast stepper device (SF-77B; Warner Instruments, Hamden, CT) was used to switch between the adjacent barrels of a three-barrel glass assembly to minimize time lag (Ͻ20 ms) when changing solutions. Excess solution was sucked away through a vacuum system.
Measurements of relative cell volume. We determined relative changes in cell volume from measurements of maximal cross-sectional area (CSA; from digitized images) (Zhang and Bourque, 2003) . The perimeter of the cell was traced using Scion (Frederick, MD) Image for Windows 4.02 and the CSA (in pixels) was determined by the software. All values of CSA during control were averaged (CSA o ) and values of relative (normalized) volume at each time point (nV t ) were calculated from the CSA value at that time point (CSA t ) using the equation; nV t ϭ [(CSA t )
1.5 / (CSA o ) 1.5 ]. This formula assumes that cells are simple ellipsoids and that changes in volume occur uniformly in all planes. Cells with the simplest ellipsoid morphologies and shortest processes were thus selected for analysis.
Electrophysiological recording. Cells were patch clamped with glass pipettes (1.2 mm outer diameter glass; A-M Systems, Carlsborg, WA) containing a solution, pH 7.2, comprising (in mM) 120 K gluconate, 10 HEPES, 1 MgCl 2 , and 1 EGTA. Whole-cell recordings were performed using an Axopatch-1D amplifier (Molecular Devices, Union City, CA). Pipette pressure was monitored via a digital pressure transducer (model PM015D; World Precision Instruments, Sarasota, FL) and controlled via an air-filled syringe. Changes in volume caused by given changes in pipette pressure differed significantly from cell to cell and, generally, varied as a sensitive and inverse function of pipette resistance (i.e., tip diameter). Membrane current (direct current, Ϫ2 kHz) was digitized (10 kHz) via a digidata 1200B interface coupled to a computer running Clampex 8 (Molecular Devices). Wholecell capacitance and series resistance were compensated electronically. Voltage ramps (Ϫ100-0 mV; 20 mV/s) were commanded to determine steady-state whole-cell current-voltage (I-V) relationships. All data were stored on a computer for off-line analysis.
Treatment of cells with JSK and Cyt-D. Stock solutions of cytochasin D (Cyt-D) (78 -100 mM in DMSO; Sigma) or jasplakinolide (JSK; 1 mM in DMSO; Invitrogen, Eugene, OR) were separated into 1 l aliquots and stored at Ϫ20°C in plastic vials. For each experiment, a fresh 1 l aliquot of drug or DMSO was well mixed into 400 l of oxygenated PIPES solution, yielding concentrations of 195-250 M Cyt-D and 2.5 M JSK in 0.25% DMSO. Enzyme-treated tissue blocks were then placed and triturated in this solution and plated onto 4 -5 plastic Petri dishes. Dishes containing drug treated cells (30 -60 min after plating) were then flooded with HEPES recording solution just before recording was to begin. Statistics. All values are reported as mean Ϯ SEM. Comparisons of the means between groups were made using Student's t test or ANOVA (SigmaStat 2.1; SPSS, Chicago, IL) as indicated. Differences between the means were considered significant when p Ͻ 0.05. Where differences were found by ANOVA and Dunn's test for multiple comparisons was performed post hoc to identify specific distinctions ( p Ͻ 0.05).
Results
If osmosensory transduction is attributable primarily to a mechanical regulation of SIC channels, then this process should be quantitatively equivalent when induced by changes in cell volume provoked by osmotic perturbations and by changes in hydrostatic pressure applied under isotonic conditions. To test this hypothesis, whole-cell voltage-clamp recordings were made from MNCs acutely isolated from the supraoptic nucleus of adult rats. Cells were challenged with osmotic stimuli (in the absence or presence of mannitol) or changes in hydrostatic pressure (applied to the inside of the recording pipette), and synchronous values of normalized cell volume (nV ) and membrane conductance were determined at different time points by digital imaging and steady-state I-V analysis. As reported previously (Oliet and Bourque, 1993a) , MNCs challenged with hypotonic stimuli showed decreases in membrane conductance, whereas those challenged with hypertonicity showed increases in membrane conductance (Fig. 1 A) . Pooled data obtained from 22 osmotically challenged cells confirmed that changes in membrane conductance (⌬G) vary inversely with cell volume. To obtain a positive numerical index of transducer sensitivity, values of ⌬G were plotted as a function of the corresponding normalized volume decrease (n⌬V; i.e., 1 Ϫ nV ) observed at various time points, and linear regression analysis was performed (Fig. 1 B) . The slope of this regression (4.1 nS/n⌬V; n ϭ 22; r ϭ 0.68) was taken as a measurement of the sensitivity of the relationship between SIC channel activity and changes in cell volume during osmosensory transduction. A distinct set of MNCs (n ϭ 21) were then subjected to changes in cell volume induced by application of positive or negative pressure to the recording pipette. As shown in Figure 1C , positive pressure caused a decrease in membrane conductance whereas reducing pipette pressure provoked an increase in membrane conductance. Regression analysis of pooled data (Fig. 1 D) revealed that values of ⌬G varied as a linear function of n⌬V with a slope of 3.9 nS/n⌬V; r ϭ 0.60; n ϭ 21), a value not significantly different from that obtained during osmotic stimulation ( p Ͼ 0.05). These results indicate that volume-dependent regulation of SIC channel activity is quantitatively equivalent during osmotic and mechanical stimulation.
If the mechanical gating of SIC channels is solely responsible for osmosensory transduction, then it should be possible to interrupt and reverse the osmotic modulation of the channels by a mechanically induced recovery of cell volume. Indeed, the decrease in membrane conductance associated with hypotonic swelling could be reversed by reducing cell volume via the application of negative pressure to the recording pipette (Fig. 2 A) . Conversely, the increase in membrane conductance provoked by hypertonic shrinking could be reversed by inflating the cell via an increase in pipette pressure (Fig. 2 B) . We also attempted to reverse the effects of mechanically evoked changes in cell volume by antagonistic osmotic stimuli. Whereas we could readily reverse suction-evoked increases in conductance by exposing the cell to a hypotonic solution (n ϭ 6) (data not shown), we could not maintain stable whole-cell recordings long enough to examine the effects of hypertonicity on the reduced conductance provoked during sustained increases in pipette pressure. Linear regression analysis of data obtained from individual cells was then performed to determine the slope of the relationship between ⌬G and n⌬V when osmotic and mechanical stimuli were used to initiate, or reverse, the modulation of SIC channels. As illustrated in Figure 2C , the sensitivity of the transducer was statistically equivalent under all conditions ( p Ͼ 0.05). Together, these findings indicate that osmosensory transduction relies primarily on a reversible mechanical modulation of SIC channels during osmotically evoked changes in cell volume.
Previous studies have indicated that filamentous actin (Factin) can either participate in the gating of mechanosensitive channels (Su et al., 2000; Cho et al., 2002; Piao et al., 2003) or protect against their activation by mechanical stimuli by providing physical support for the plasma membrane (Hamill and McBride, 1997; Ko and McCulloch, 2000; Morris, 2001) . To determine whether F-actin is required for mechanical regulation of SIC channels, we quantified transducer sensitivity in MNCs pretreated (30 -60 min) with Cyt-D (200 -250 M), a drug that depolymerizes F-actin (Cooper, 1987) , or JSK (2.5 M), a drug that promotes actin polymerization (Bubb et al., 1994) . Values of ⌬G and n⌬V were monitored simultaneously at regular intervals while a decrease in cell volume was provoked by applying negative pressure through the recording pipette for a period of 60 s. Interestingly, only a few cells showed a complete recovery of cell volume after termination of the stimulus. Thus, to ensure that the responses observed reflected the activation of SIC channels rather than a disruption of the seal between cell and pipette, only recordings in which the suction-induced current could be terminated by application of 250 M Gd 3ϩ were retained for analysis. As illustrated in Figure 3A , MNCs treated with Cyt-D showed a smaller inward current response to suction compared with controls, whereas those treated with JSK displayed a larger response to the stimulus. Indeed, the mean transducer sensitivity index was significantly lower in cells treated with Cyt-D (1.1 Ϯ 0.5 nS/n⌬V; n ϭ 21) and higher in cells treated with JSK (19.1 Ϯ 3.1 nS/n⌬V; n ϭ 22; p Ͻ 0.05) compared with control MNCs (4.1 Ϯ 0.5 nS/n⌬V; n ϭ 41) (Fig. 3B) . These results indicate that F-actin is necessary for the volumedependent modulation of SIC channels, and that the mechanosensitivity of MNCs varies in proportion with the amount of F-actin that is present in these cells. Finally, to determine whether F-actin is necessary for osmosensory transduction, we examined the effects of Cyt-D and JSK on the current-clamp responses of MNCs to a hyperosmotic challenge (ϩ60 mosmol/kg; 60 -80 s). As illustrated in Figure 4 A, excitatory responses to this stimulus were smaller in Cyt-D treated cells (n ϭ 20) and larger in JSK treated cells (n ϭ 11) than in vehicle-treated controls (n ϭ 15). Indeed, although osmotically evoked changes in cell volume were equivalent in the three groups (Fig. 4 B) ( p ϭ 0.973), significant differences were observed in the magnitude of the depolarizing osmoreceptor potentials and excitatory responses observed under the three conditions. Specifically, Cyt-D significantly reduced the average amplitude of the osmoreceptor potentials (0.6 Ϯ 0.8 mV in Cyt-D vs 8.1 Ϯ 1.3 mV in control; p Ͻ 0.001) and the increase in firing rate (ϩ0.3 Ϯ 0.2 Hz in Cyt-D vs ϩ 1.6 Ϯ 0.5 Hz in control; p Ͻ 0.05) induced by the hyperosmotic stimulus. Conversely, JSK significantly enhanced both the osmoreceptor potential (ϩ12.5 Ϯ 1.4 mV; p ϭ 0.013) and the excitatory effect (ϩ3.1 Ϯ 0.7 Hz; p ϭ 0.012) of the hyperosmotic stimulus.
Discussion
Osmosensory transduction is a mechanical event Our experiments revealed that the sensitivity of the relationship between cell volume and membrane cation conductance was quantitatively equivalent whether the volume of MNCs was modulated by osmotic stimuli, or by changes in pipette pressure applied under isotonic conditions. Although the maximal amplitudes of the stimuli used in our experiments provoked changes in cell volume that exceeded those that occur under physiological conditions, it is important to note that the inverse relationship between membrane conductance and cell volume could be clearly detected with volume changes of 2-3% (Fig. 1 B) , well within the physiological range (Zhang and Bourque, 2003) . Moreover, the modulation of SIC channels provoked by hypotonic or hypertonic stimuli could be reversed by inducing a recovery of cell volume by applying opposite changes in hydrostatic pressure to the recording pipette. In these experiments, reversal of the transduction current occurred despite the continued presence of the changes in ionic strength that accompanied superim- posed osmotic stimuli. These observations indicate that osmosensory transduction in MNCs is triggered specifically by changes in the volume of the neurons, and not by changes in ionic strength. Thus, osmosensory transduction is primarily a mechanical event.
Actin filaments mediate mechanical coupling during osmosensory transduction Previous studies have established that elements of the cytoskeleton are attached to the plasma membrane via links to a variety of membrane-associated proteins (Revenu et al., 2004) , and that the cross-linked fibers that constitute the submembrane and cytoplasmic components of the cytoskeleton can distribute forces applied on one part of the cell surface to other parts of the cell via tensegrity (Ingber, 1997) . The cytoskeleton therefore represents a potentially strategic component of the osmoreceptor complex that could relay forces generated during changes in cell volume to the molecular mechanotransduction elements that modulate SIC channel activity (i.e., accessory proteins or the channel itself). Indeed, mechanically evoked increases in cation current and excitatory responses to hypertonicity were both blunted by Cyt-D, a compound that promotes actin depolymerization (Cooper, 1987) , and enhanced in MNCs treated with JSK, a compound that promotes the accumulation of F-actin (Bubb et al., 1994) . In addition to revealing that actin filaments play a key role in the osmotic and mechanical regulation of SIC channels, these findings suggest that the sensitivity of the osmosensory transducer varies in proportion with the amount of F-actin present in MNCs. This hypothesis is consistent with previous studies showing that the stiffness of a cross-linked actin network increases as a function of the concentration of F-actin Shin et al., 2004) . Accordingly, if an elastic network of cross-linked F-actin was involved in relaying volumedependent mechanical forces to the transducer element, then the amount of force applied per unit volume change should increase with F-actin density and, thus, result in an enhancement of transducer sensitivity, as was observed in our experiments. Because actin polymerization and depolymerization can be regulated through receptor-mediated signaling cascades (Cicchetti et al., 2002; Revenu et al., 2004) , it is conceivable that neurotransmitter-mediated changes in actin density could underlie the modulation of homeostatic osmoregulatory reflex gain that has been observed under various physiological and pathological conditions (Robertson et al., 1976; De Smet et al., 2003) .
Molecular basis for mechanical control of SIC channels during osmosensory transduction
The molecular mechanism that underlies the modulation of SIC channels during osmosensory transduction remains unknown and may involve proteins other than F-actin and the SIC channel itself. Although our results cannot exclude the possibility that an actin-dependent mechanically gated biochemical step is involved in the osmotic modulation of SIC channels, such a process would have to be bidirectional, and rapidly reversible, because the time course of mechanotransduction mirrored that of the changes in cell volume. Alternately, it remains possible that volumedependent modulation of SIC channel activity reflects the intrinsic mechanosensitivity of these channels (Oliet and Bourque, 1993a) . In this case, the actin cytoskeleton might mediate volume-dependent force transmission and mechanical gating through direct or indirect physical links with SIC channels (Hamill and Martinac, 2001; Kung, 2005) , or it might serve to isolate small domains in the plasma membrane (Ritchie and Kusumi, 2004; McMahon and Gallop, 2005) , where unattached SIC channels could sense changes in the local tension or curvature of the lipid bilayer associated with changes in cell volume (Kung, 2005) . Finally, it is important to emphasize that our experiments were performed on acutely isolated neurons and that additional factors could significantly contribute to osmosensory transduction in situ. Indeed, it is quite possible that extracellular matrix proteins participate in the mechanical regulation of SIC channels either through a physical association with the cortical cytoskeleton, or by contributing to the overall elasticity of the tissue. Additional studies will be required to examine these possibilities.
